Introduction
Animal production operations generate large quantities of manure that are often applied to land as a nitrogen fertilizer. For the most part, animal manures are not specifi-mammalian intestines (Krieg and Holt, 1984) . However, some typical coliforms such as Enterobacter and Klebsiella subsp. also naturally inhabit plant surfaces and are found in soil (Krieg and Holt, 1984) . Whereas plant-native coliforms are not necessarily pathogens to humans and other mammals, they are similar to and are classified as coliforms. One study showed that E. coli, when inoculated into soil, was associated mainly (79.0%) with the dispersible clay fraction whereas only 10.7% of indigenous bacteria were found in this fraction (Recorbet et al., 1995) , so E. coli may have a distinct niche in soils.
Extensive work has been performed recently on the efficacy of grass filter strips adjacent to fields to mitigate nitrogen, phosphorus, soil particles, and with them, coliforms leaving agricultural lands (Coyne et al., 1995; Lim et al., 1998) . These methods rely on trapping nutrients, particulates, bacteria and parasites in the root zone of dense grasses in strips ranging upwards of 6 m in width. The study by Lim and associates (Lim et al., 1998) showed complete coliform removal of up to 2 ¥ 10 7 colonyforming units (cfu) 100 ml -1 by 6.1 m-wide tall fescue (Festuca arundinacea Schreb.) filter strips, whereas the study by Coyne and colleagues (Coyne et al., 1995) showed 43-74% removal of coliforms up to 10 8 cfu 100 ml -1 by mixed 9 m Kentucky bluegrass (Poa pratensis L.) and tall fescue (Festuca arundinacea L) filter strips, using soil at the same research farm site. Recent field studies of applied swine wastewater found little removal of coliforms by 30 m of any tested vegetation type, including 10-20 m grass with 10-20 m riparian or maidencane strips, even at down-slope collection points (Entry et al., 2000a) , and plots with 20 m grass were shown to harbour more coliforms than those with 10 m grass (Entry et al., 2000b) : these grass plots contained mixed Bermuda grass (Cynodon dactylon L.), tall fescue (Festuca arundinacea Schreb.) and crimson clover (Trifolium incarnatum L.) at various times. From these studies, we may infer that plant type can markedly change the bacterial quality of soils and of water emanating from agricultural fields. It is also probable that soil, vegetation and plant roots serve as reservoirs for coliform bacteria, some originating from mammals. A conveyance such as heavy rainfall then increases exposure, which can increase incidences of disease.
The objective of the current study was to determine if E. coli O157:H7 persists longer in fallow soil or on roots of cover crops in diverse soils. We assessed how manure affected persistence, and how E. coli O157:H7 would persist if applied with only irrigation water as an inoculation vehicle. In addition, we monitored coliforms indigenous to soil or added with fresh dairy manure.
Results
Microcosms for all plant and soil types had normally growing plants for 28 days, though by 63 days the 5 ¥ 15 cm soil core was somewhat restrictive to rye roots, which approached 70 g in the sandy loam soil. All legumes were nodulated by 14 days and most rye plants had a developing seed head by 63 days. By 28 days, treatments with recoverable E. coli O157:H7 mostly had low levels in a few replicates. Linear regression of E. coli O157:H7 populations versus time was performed as reported previously (Gagliardi et al., 2001a ) and x-intercepts with 95% confidence intervals were used to compare treatments (Fig. 1) .
We term enhanced persistence an increase of 14 days compared with fallow soil, or persistence of greater than 40 days, a 50% increase. Initial dilutions were adjusted for sample size and have the same gram -1 unit as for soil, so enhancement can only be from treatment effects. Manure added to fallow soil did not enhance persistence of E. coli O157:H7 in any of the three soils tested. Rye roots, with added manure, enhanced E. coli O157:H7 persistence in all soils by approximately 100-300% (Fig. 1) . In one case, enhancement also occurred in soil distantly surrounding rye roots (clay loam soil). Legume treatments enhanced E. coli O157:H7 persistence in one case; with alfalfa in the silt loam soil.
Total coliforms in many treatments survived much longer than the 63 day sampling period (Fig. 1) . For uninoculated treatments, total coliform survival is much higher than when E. coli O157:H7 was inoculated. In one case, coliforms increased over time; in uninoculated sandy loam soil without manure. Total coliforms generally did not persist much longer with addition of manure. Alfalfa roots showed increased total coliform persistence for uninoculated treatments. Sandy loam fallow soil without manure had increasing coliform levels ( Fig. 1 ) and lactose utilization activity (Table 1) , though this soil had the fewest total indigenous microbes gram -1 (data not shown).
To determine if viable organisms were present but not detectable on selective media, enrichment cultures were utilized on day 63, after E. coli O157:H7 populations were at very low levels. Escherichia coli O157:H7 was not detected in most treatments, and direct media isolation gave similar results to the enrichments (Table  2) . Frozen soil samples stored at -20∞C for over 500 days, then thawed and plated to selective media, showed viable E. coli O157:H7 in 10 out of 27 replicates (37%) from selected day 14 treatment samples (Table 1 ). In soils with higher clay content (the silt loam and clay loam), viable E. coli O157:H7 was recovered in 44% of samples.
Persistence of E. coli O157:H7 in soil and on plant roots 91 BIOLOG ® GN plates were used to assay microbial community function in fallow soil, rye and alfalfa treatments. The lactose utilization response in these plates was used to indicate coliform activity by comparing linear regression of the data (Table 1) . Fallow, uninoculated soil without manure had a lactose response identical to bromosuccinic acid, a carbon source not commonly used by soil microorganisms: a weak response with slight variation below the visible limit (OD 590 of 0.50) over time (data not shown), indicating that lactose utilization by indigenous microbes in these soils was at low levels. Manure and E. coli O157:H7 inoculation had additive effects on lactose utilization in fallow soils, in which high levels (OD 590 -2.00) through day 28 fell below background by 63 days in all soils as E. coli O157:H7 and manure coliforms declined to lower levels (data not shown). Rye roots inoculated with E. coli O157:H7 had lactose utilization remain high or rise over time in all soils (Table 2) to an OD 590 often above 2.00 (data not shown). Bulk soil around rye roots and fallow soil with manure in the silt loam soil (a soil with high clay content) also showed increasing lactose utilization rates. For uninoculated treatments, lactose utilization increased in four cases: rye roots in the clay loam; bulk soil around rye roots in the sandy loam; fallow sandy loam soil; and fallow silt loam soil with manure (Table 1) . BIOLOG ® GN plate carbon sources were also utilized for whole-soil microbial community multivariate analyses. Carbon sources were separated into six averaged guilds (Zak et al., 1994) to reduce the number of variables analysed. Results show some effect from manure or E. coli O157:H7 inoculation in fallow soil only at inoculation, shown for the clay loam soil (Fig. 2) . By day 28, when plants were well established, distinct differentiation was seen for rye root treatments, with developing separation of alfalfa root and bulk soil around rye and alfalfa root treatments, shown for the clay loam soil (Fig. 3) . At day 63, when E. coli O157:H7 had declined to low levels, differentiation was based on three general groupings: (i) rye and alfalfa roots; (ii) bulk soil around rye and alfalfa roots; and (iii) fallow soils (Fig. 4) .
Discussion
Linear regressions were applicable as they explained the observed trends, and r-square values were greater than 0.94 where E. coli O157:H7 populations went below detection levels (10 cfu g -1 ) before 40 days. Treatments with lower r-square values had small numbers of E. coli O157:H7 at day 63 so reported x-intercepts of 47-56 days are less accurate, but the x-intercept 95% upper confidence limits (UCL) from 85-96 days for these treatments reflect this uncertainty (Fig. 1 ). Initial dilutions were adjusted for sample size and have the same gram -1 unit as for soil, so enhancement can only be from treatment effects. Manure did not enhance E. coli O157:H7 populations in fallow soils, potentially indicating that these soils contained nutrients similar to or resulting from previous applications of manure.
Recorbet and colleagues (Recorbet et al., 1995) 
*Not done for this treatment; X, detection in a single replicate; -, not detected in a single replicate. a. E. coli O157:H7 isolation from fresh samples 63 days post inoculation. b. E. coli O157:H7 isolation from samples archived 14 days post inoculation then stored at -20∞C for over 500 days. c. LB agar with rifamycin SV, ampicillin and cycloheximide. d. EC broth shaken without bile salts for 1 h, then addition of bile salts, tellurite and novobiocin. e. Using BIOLOG‚ GN microplates, if the lactose utilization rate increases over time, or has a negative slope and decreases, when analysed with linear regression and covariates (Gagliardi et al., 2001b) . f. Includes lactose utilization of total coliforms.
demonstrated that the majority of inoculated E. coli inhabited the clay fraction of soil, so it is likely that clay provided additional harborage in the silt and clay loam soils, also enhancing survival on and around roots. This is the likely cause of E. coli O157:H7 enhancement by alfalfa in the silt loam, a soil with high clay (Table 1) , and the only soil in which a legume enhanced E. coli O157:H7 populations. Low persistence of E. coli O157:H7 on alfalfa and perhaps on other legume roots may be due to competition with a higher indigenous coliform population on these roots, as seen on uninoculated alfalfa roots here. A recent field study showed that E. coli O157:H7 released to grassland initially declined quickly but was detectible at low levels to 99 days (Bolton et al., 1999) . Field studies of E. coli released to rye-grass plots have shown detectible levels 13 years after release, with transfer of some of the inoculum to groundwater (Sjogren, 1995) . It is probable that rye and other grasses can support coliform populations, especially E. coli and E. coli O157:H7, better than other plant types. It is also probable that E. coli O157:H7 populations behave differently from soil-and plant-native coliforms. Total coliforms in many treatments survived much longer than E. coli O157:H7, most likely because native coliforms were already present and were not expected to die out. Coliforms persisting longer in uninoculated treatments compared to similar treatments where E. coli O157:H7 was inoculated, indicate probable competition between these microflora for resources such as water, nutrients and niches. Sandy loam fallow soil had high coliform activity but the smallest total microbial population, further supporting the hypothesis that microbial competition is responsible for some coliform population trends. MacConkey agar inhibits up to 25% of E. coli O157:H7 inoculated to soil compared with the selective media we used (data not shown), and presumably MacConkey agar inhibits other coliforms. Therefore, our coliform counts are probably lower than actual values. As the same media were used for all treatments, the measurements are at least similar. In light of the selectivity of these media, it is likely that E. coli O157:H7 and total coliforms were at higher levels and persisted longer than our estimates.
Enrichment culture data (Table 1) suggest that media isolation or enrichment methods are similar for E. coli O157:H7 detection and enumeration from soil and root samples. Culture data from frozen soils strengthens the concept that plate media is adequate to isolate and enumerate coliforms from soils. Markedly prolonged persistence of E. coli O157:H7 when these soils were frozen is striking. In light of this result, more research is warranted to determine persistence of E. coli O157:H7 when soils are frozen and not subjected to (Gagliardi et al., 2001b) and carbon sources divided into guilds (Zak et al., 1994) , shown with the first two canonical axes generated. There is an effect due to E. coli O157:H7 inoculation or addition of manure, compared with soil only (circled). Fig. 3 . Microbial community functional analysis; clay loam soil 28 days post inoculation. Canonical discriminant analysis of fallow soil, rye and alfalfa microbial populations using BIOLOG ® GN plate OD readings with covariates (Gagliardi et al., 2001b) and carbon sources divided into guilds (Zak et al., 1994) , shown with the first two axes. There is an effect due to the presence of rye roots (circled).
continuously varying temperature and moisture in warmer seasons.
Microbial community analyses showed little differentiation at any time-point based on E. coli O157:H7 inoculation or addition of manure. All indications from canonical discriminant analyses, based on clustering data, were that plants produced the most notable effects, further indicating that plant roots enhanced coliform and other microbial populations. These results also again show that manure addition did not have a significant effect on microbial populations. The major microbial population influence in these soils came from the presence of rye roots, and, to a lesser extent, roots of alfalfa. Succor from roots also extended past their surface, with increasing metabolic effects seen in bulk soil surrounding roots by 28 and 63 days compared with fallow soil treatments. Based on analysis of lactose utilization trends, this measurement can be useful for predicting coliform presence, persistence and activity in soil and in association with plant roots.
Whereas regression parameters are useful for comparing treatments, they do not reflect expected field population dynamics for E. coli O157:H7, as we used relatively constant conditions and the selective media inhibited recovery. These microcosm experiments demonstrate the ability of E. coli O157:H7 to compete with indigenous soil microorganisms and establish populations in soil and root niches. It is likely that when E. coli O157:H7 reaches soil from means other than applied manure or native mammalian sources, it can persist in soil or on and around vegetation. It is also evident that coliform populations behave quite differently when soil, plant type or coliform sources are varied. Escherichia coli O157:H7 remained viable in frozen soil samples, a trait that would greatly prolong persistence in the field.
We chose treatment combinations representative of some typical management practices for manure nitrogen and legume cover crop use. One would not normally use legume cover crops to trap manure-applied nitrogen so we did not include these treatments, though if E. coli O157:H7 were applied to soil in run-off or irrigation water, our data suggests alfalfa may enhance E. coli O157:H7 persistence, especially in the presence of clay. It is evident that the tested legumes did not alter persistence of E. coli O157:H7 in these soils, though they may harbour large populations of other coliforms. Rye roots with added manure greatly increased both persistence and activity of E. coli O157:H7 in these soils, and manure had little effect in fallow soil treatments, so rye roots were the primary force enhancing these populations. Clay also increased persistence and activity of coliforms, including E. coli O157:H7. There is a complex relationship of total coliforms, E. coli and E. coli O157:H7 interaction with different plants, soils and other microorganisms. Perhaps more research is needed to determine the probable effectiveness of vegetative filters for removal of potentially pathogenic microbes in run-off from agricultural fields.
Experimental procedures

Intact soil-core microcosms
All tests were performed using intact soil-core microcosms described previously (Gagliardi et al., 2001a) obtained fresh from three field sites: a silt loam from Beltsville, MD under no-till hay; a clay loam from Clarksville, MD, under conventionally managed corn; and a sandy loam from Upper Marlboro, MD, under conventionally managed tobacco (Table 2) . Briefly, microcosms were 5 cm ¥ 17.5 cm PVC pipe with one tapered edge, driven into the soil and removed intact. Soils were collected when near 60% of the soil water-holding capacity. Each core was weighed on collection and watered to this weight at 3 day intervals using sterile reverse osmosis grade (RO) water. (Gagliardi et al., 2001b) and carbon sources divided into guilds (Zak et al., 1994) , shown with the first two axes. There are effects due to: (i) presence of rye and alfalfa roots; (ii) Soil surrounding these roots and (iii) fallow soil (all circled). ) were measured using a LACHAT analyser (Zellweger Analytics) after calibration with ammonium nitrate or dibasic potassium phosphate as standards. Soluble organic carbon was measured using a Total Organic Carbon Analyzer (Rosemount Dohrman) after sparging samples with nitrogen gas to displace inorganic carbon in the form of CO 2 as per the manufacturer's standard methods. The instrument was calibrated with oven-dried potassium hydrogen phthalate. Organic matter was determined by the difference in mass of oven-dried soil (80∞C) baked to approximately 750∞C in a ceramic container. Sand, silt and clay determination was by hydrometer (Gee and Bauder, 1986) after oxidation with 30% H 2 O 2 . The characteristics determined for each soil and for the dairy manure used are shown in Table 2 .
Treatments and crops planted
All treatments began as fallow soil microcosms and included: fallow soil, with or without added fresh dairy manure solids at approximately 6 tons acre ; microcosms planted to rye (Secale cereale L.) with manure; and microcosms planted to hairy vetch (Vicia sativa L.), crimson clover (Trifolium incarnatum L.) and alfalfa (Medicago sativa ROTH) without manure. Manure was applied with a spatula to requisite microcosms at the rate of 3 g to each approximately 500 g microcosm, and slightly tilled into the surface. Replicates of all microcosm treatments received E. coli O157:H7, whereas a subset of fallow soil, rye and alfalfa treatments received only sterile RO water instead of inoculum. All treatments were applied within 24 h of obtaining microcosms from the field. Microcosms were kept in a single, lighted growth chamber at 25∞C, 80% relative humidity, 12 h light cycle, and were rerandomized within the growth chamber when they were watered. Three replicates for each treatment were analysed at each time-point.
Preparation and application of inoculum
An isolate of E. coli O157:H7 strain B6914 (Fratamico et al., 1997) , selected for spontaneous resistance to rifamycin on media containing rifamycin, was used for this study. This strain of E. coli O157:H7 does not contain the shiga-toxin I or II genes and is safer for use in growth chamber studies in which exposures cannot be entirely controlled. In addition, E. coli O157:H7 B6914 contains the genes for green fluorescent protein (GFP) and ampicillin resistance on a stable plasmid (Fratamico et al., 1997) , adding differentiation and selection for colony isolation from complex substrates. Cells were grown to mid-log phase (Klett 66 of 100) in Luria-Bertani (LB) broth containing 100 mg ml -1 each of rifamycin SV and ampicillin (Sigma Chemical Co). Cells were chilled on ice when they reached the appropriate concentration, pelleted by centrifugation (5000 g) then suspended in sterile RO water to 8.54 log CFU ml -1
. Each inoculated microcosm received 1 ml of the inoculum over top of the soil, immediately after seeds were sown. Uninoculated microcosms received 1 ml of sterile RO water. All microcosms then received an additional 10 ml of sterile RO water.
Selective media and measurement of microbial populations
Luria-Bertani Agar (Gibco-BRL) with 100 mg ml -1 each of rifamycin SV, ampicillin and cycloheximide (Sigma Chemical Co) were used for selective isolation of E. coli O157:H7 B6914 from soil and root samples. Colonies were enumerated after 48 h at 37∞C and confirmed as GFP-producing using a UV light box at 302 nm. Total coliforms were enumerated as lactose-positive (red) colonies on MacConkey agar (Difco) after 24 h at 37∞C. Selective enrichments at sampling day 63 used tubes of EC broth (Atlas and Parks, 1997) without bile salts for an initial static enrichment of 1 hour, after which the bile salts and 20 mg ml -1 of novobiocin were added for selection of E. coli O157:H7. EC broth tubes were incubated with shaking at 37∞C for 24 h, an aliquot was spread onto the selective agar, incubated at 37∞C for 48 h and checked for typical colonies. Total heterotrophic bacteria plate counts were carried out on rhizosphere isolation medium RIM agar (Buyer, 1995) after incubating at 28∞C for 48 h. We used a spiral plater and associated spiral counting grid (Spiral Biotech; Autoplate 3000) for higher dilutions, whereas lower dilutions were plated in triplicate using a spread plate method with up to 1 ml per agar plate. This method gave a detection limit of 10 colony-forming units (cfu) g -1
. Extraction, plating and enumeration of samples were performed as reported previously (Gagliardi et al., 2001a) . For root analyses, whole roots with adhering soil were utilized, whereas the remaining microcosm soil was pooled, sieved and analysed separately. Serial dilutions were made in phosphate-buffered saline (PBS) (0.05 M potassium 
Microbial community analyses
Microbial community analyses using BIOLOG‚ GN microplates (BIOLOG Corporation) were performed by inoculating each of 96-plate wells with 150 ml of a 1:1000 0.85% saline dilution of root or soil extracts. A single incubation time (72 h) in a dark incubator at 22∞C was used, and the optical density (OD 590 ) was measured with a 590 nm barrier filter in a microplate reader (Molecular Devices, E-MAX). Multivariate analyses used groupings of the 95 carbon sources into average-weighted guild OD 590 : carbohydrates (n = 30), organic acids (n = 24), amino acids (n = 20), amines (n = 6), polymers (n = 5) and miscellaneous carbon sources (n = 10) (Zak et al., 1994) ; with covariates of microbial number, sample weight and negative control well OD 590 and canonical discriminant analysis, as reported previously (Gagliardi et al., 2001b) . The first two canonical variables (CAN1 and CAN2; see Figs 2, 3 and 4) spatially represent the relationship of the tested variables, and account for 49% of total variation among these variables. In addition, each variable OD 590 was analysed for trends using linear regression with covariates (Gagliardi et al., 2001b) , particularly the lactose well readings (Table 1) .
